I
t is well established that most of the Ca 2ϩ that activates contraction in mammalian heart is released from the sarcoplasmic reticulum (SR) through ryanodine receptors (RyR) and that the RyR are themselves activated by Ca 2ϩ in the mechanism known as "Ca 2ϩ induced Ca 2ϩ release" (CICR). 1 Confocal imaging has made possible the visualization of localized Ca 2ϩ release through RyR, in the form of Ca 2ϩ sparks. 2 It appears that Ca 2ϩ sparks are triggered by a local [Ca 2ϩ ] i, , which is different from the spatial average [Ca 2ϩ ] i , and which is established first in the region of the RyR by the opening of a single L-type Ca 2ϩ channel. 3, 4 These phenomena are the basis of the theory of excitationcontraction (E-C) coupling known as "local control," which was predicted so presciently by Michael D. Stern in 1992. 5 Nevertheless, the molecular mechanisms of Ca 2ϩ sparks and the nature of the triggering by Ca 2ϩ entry are still obscure. To complicate matters further, other possible sources of Ca 2ϩ that activate, or "trigger," this release have been proposed recently, and it has even been suggested that a voltage-sensitive release mechanism, which does not require Ca 2ϩ , may exist in cardiac muscle, similar to that in skeletal muscle. 6 It is our intention here to review the evidence for local control of E-C coupling in normal heart muscle and to evaluate critically the evidence for additional sources of trigger Ca 2ϩ or mechanisms of SR Ca 2ϩ release. We emphasize, however, that concepts about cardiac Ca 2ϩ sparks, and their possible role in cardiac E-C coupling, do not necessarily extend to Ca 2ϩ sparks that occur in smooth muscle and skeletal muscle. Local Ca 2ϩ release in smooth muscle cells has also been called Ca 2ϩ sparks, 7 but is thought to modulate relaxation, 8 rather than contraction. Local release events similar to Ca 2ϩ sparks are not observed in adult mammalian skeletal muscle at all during E-C coupling. 9 
"Local Control" Theory of Cardiac E-C Coupling
The essence of the "local control" theory of E-C coupling in cardiac muscle is that SR Ca 2ϩ release is controlled by the L-type Ca 2ϩ current because independent, elementary events of SR Ca 2ϩ release are "recruited" by Ca 2ϩ flowing through single L-type Ca 2ϩ channels, and not by the average [Ca 2ϩ ] i within the cell. One of the structural bases of local control is the separation of SR Ca 2ϩ release channels (RyR) at the ends of sarcomeres, near L-type Ca 2ϩ channels in transverse tubules. There, RyR can be activated strictly by the Ca 2ϩ in their own immediate (local) molecular environment. In local control theory, the [Ca 2ϩ ] in that environment is established first by Ca 2ϩ entry via L-type Ca 2ϩ channels, and the release in separate clusters of RyR is independent of release in other such clusters, by virtue of physical separation. Such triggered local release appears to be manifest as the so-called Ca 2ϩ "sparks," 2 first observed as spontaneous events of SR Ca 2ϩ release. Although the exact nature and origin of Ca 2ϩ sparks remain uncertain, the prevailing view is that the whole-cell Ca 2ϩ transient may be explained as the spatial and temporal summation of Ca 2ϩ sparks, each triggered locally by the flow of current through a single L-type Ca 2ϩ channel. In a detailed study, 3 it was shown that Ca 2ϩ sparks were evoked with a time and voltage dependence similar to that expected for first latency histograms of L-type Ca 2ϩ channels. 20 When the probability of L-type Ca 2ϩ channel activation is made extremely low through the use of 4 Recently, two new studies 21, 22 have confirmed the original Ca 2ϩ spark latency histograms 3 and presented the experimental relationship between Ca 2ϩ currents and Ca 2ϩ spark probability in much more detail. Several attempts have been made to describe precisely the mathematical relationship between the probability of evoking Ca 2ϩ sparks and the Ca 2ϩ current. The first of these 3 provided the basic equation for the probability (P i ) that a Ca 2ϩ spark will be triggered by the opening of a single L-type Ca 2ϩ channel. A subsequent attempt used a similar analysis 23 but failed to take into account the time dependence of the probability of L-type Ca 2ϩ channel opening. This problem has now been recognized and clarified. 24 The most detailed analysis of experimental data so far has been that of Collier et al, 21 release has been imaged with fast confocal microscopes with line scanning 28 and with 2D (full frame) imaging. 22 The line-scan images 28 showed local release, at z lines, during the initial phase of a normal Ca 2ϩ transient. Furthermore, if a Ca 2ϩ spark had occurred spontaneously just previously at a particular z line, then release failed at that z line, indicating directly the role of Ca 2ϩ sparks in E-C coupling (and that the processes producing Ca 2ϩ sparks may experience refractoriness). The fast 2D images 22 also showed localized release, probably at dyadic junctions. It has been suggested that the nonlinear relationship between single-channel current and SR Ca 2ϩ release (possibly dependent on i 2 ) provides a mechanism whereby relatively small local changes in [Ca 2ϩ ] i can increase spark probability by a factor of 10 4 during normal E-C coupling. 24 Whole-cell Ca 2ϩ release flux has been measured directly recently 29 using a novel fluorescence method, in which cytoplasmic [Ca 2ϩ ] i is reduced through the use of high concentrations of EGTA, and localized SR Ca 2ϩ release is observed with the low-affinity fast Ca 2ϩ indicator, Oregon Green 488 BAPTA-5N. This method permits visualization of release at specific sites during voltage-clamp pulses. The overall waveform of the release and its absolute value were reported similar to that obtained earlier, 10, 11, 16 through mathematical analysis of the whole-cell Ca 2ϩ transient, in the absence of EGTA. The number of Ca 2ϩ sparks involved in the total release flux remains to be determined.
Molecular Origin and Mechanisms of Cardiac Ca 2؉ Sparks
The molecule responsible for Ca 2ϩ sparks in cardiac muscle is the RyR 2 isoform of the ryanodine receptor. Cheng et al 2 clearly favored the hypothesis that Ca 2ϩ sparks arose from the opening of a single RyR, which would certainly be an "elementary event," because it would arise from one molecule. Of course, the possibility that Ca 2ϩ sparks arose from a small number of RyR "acting in concert" could not be excluded by their data. The distinction between these possibilities is extremely important, however, for our understanding of the mechanism of SR Ca 2ϩ release during E-C coupling. If, in fact, a Ca 2ϩ spark arises from just one RyR, then we are left with the very puzzling question of why the others in the group are not activated by the Ca 2ϩ released from one. Similarly, if they "act in concert," then the very interesting question of cooperativity among a large group of macromolecules arises. Much of the work appearing to establish Ca 2ϩ sparks as elementary events of E-C coupling relied on accurately counting the numbers of Ca 2ϩ sparks in confocal line-scan images. Sparks were typically identified subjectively, or on the basis of some arbitrary criterion, such as minimum spatial half-width or an amplitude threshold. This enabled counting Ca 2ϩ sparks, and when such criteria were used, it appeared that spontaneous and evoked Ca 2ϩ sparks were identical. Furthermore, the mean amplitude of (counted) evoked Ca 2ϩ sparks was independent of voltage, 3 a finding confirmed again recently. 21 However, confocal linescan images invariably show small changes in fluorescence that are difficult to categorize. Are these Ca 2ϩ sparks occurring off the laser scan line, or are they different types of events of SR Ca 2ϩ release? The possible existence of events of SR Ca 2ϩ release different from Ca 2ϩ sparks or yet smaller than Ca 2ϩ sparks throws into question the notion of Ca 2ϩ sparks as truly "elementary" events of E-C coupling. Furthermore, it was recognized early on that the limitations of confocal imaging will make it difficult to distinguish out-offocus Ca 2ϩ sparks from possible small Ca 2ϩ sparks. 30, 31 At present, the question of the number of RyR and their gating pattern underlying cardiac Ca 2ϩ sparks remains unresolved. 32 Nevertheless, the theory of Ca 2ϩ spark amplitude distributions is now better understood, both in cardiac muscle 33 and in skeletal muscle. 34 In addition, "automatic Ca 2ϩ spark detection" programs 29, 33 can be used to eliminate bias of the observer. The best available data from analysis of Ca 2ϩ spark amplitude distributions suggest that they represent a distribution of "source strengths." 33 Here, "source strength" refers to the combination of RyR open time and current amplitude. At present, however, it cannot be distinguished reliably whether or not such Ca 2ϩ spark amplitude distributions are fit better by a gaussian distribution or an exponential distribution of "source strengths."
The first substantive indication that cardiac Ca 2ϩ sparks may not arise from single RyR came when multiple sites of origin were resolved in ventricular cells 35 and in atrial cells. 36 In ventricular cells, transverse scanning revealed multiple sites of origin, perhaps corresponding to separate clusters of RyR. Ca 2ϩ sparks with multiple sites of origin are distinct from the postulated Ca 2ϩ quarks, which may represent release from single RyR. When SR Ca 2ϩ release was evoked by photolysis of caged Ca 2ϩ in the whole cell, Ca 2ϩ sparks were not observed, leading to the suggestion that release occurred as unresolvable events. 37 The existence of Ca 2ϩ quarks was postulated, units of SR release smaller than Ca 2ϩ sparks. This release gave rise to spatially uniform changes in Ca 2ϩ , a puzzling observation because of the lack of any known uniformly distributed SR Ca 2ϩ release channels. When Ca 2ϩ was released in a small volume by two-photon photolysis, 38 small events of SR Ca 2ϩ release were observed directly, for the first time. These were abolished by SR depletion (and therefore not due directly to photolytically released Ca 2ϩ ) and were smaller in amplitude than typical Ca 2ϩ sparks. The original computations of the flux of Ca 2ϩ underlying Ca 2ϩ sparks was consistent with the idea that a Ca 2ϩ spark could arise from a single RyR, if it was assumed that the flux through a single RyR was Ϸ4 pA. However, the most recent data from lipid bilayer experiments under quasiphysiological conditions 39 suggest that the unitary Ca 2ϩ current should be Ͻ0.6 pA. This implies that multiple RyR are involved in the generation of a Ca 2ϩ spark. Although comparisons between cardiac Ca 2ϩ sparks and frog skeletal muscle Ca 2ϩ sparks may not be valid, a detailed model of E-C coupling in this tissue suggests that Ca 2ϩ sparks arise from multiple RyR. 40 Recently, "coupled" gating of isolated RyR has been demonstrated, 41 and the potential of "coordinated" gating of cardiac RyR to explain cardiac E-C coupling has been noted. 42 Termination of the Ca 2ϩ spark and/or refractoriness in spark generation is expected to be extremely important in E-C coupling. A mechanism must exist by which RyR are inactivated and not available to release Ca 2ϩ again, in order for a Ca 2ϩ transient to be produced. This mechanism appears not to be either SR depletion or "stochastic inactivation." 43, 44 Ca 2ϩ release appears to be terminated by an "active extinguishing mechanism" such as Ca 2ϩ -dependent inactivation or adaptation. The possible roles in terminating release of the accessory proteins, sorcin and FKBP12, have been discussed recently. 45 Other Putative Sources of Ca 2؉ to Trigger SR Ca 2؉ Release
Although there is a consensus that the L-type Ca 2ϩ current is the major trigger for SR Ca 2ϩ release, other triggers have been suggested. In guinea pig ventricular myocytes, T-type Ca 2ϩ current can trigger SR Ca 2ϩ release, although much less efficiently than L-type. 46 The ability of the Na ϩ /Ca 2ϩ exchanger to operate in the "reverse" mode and cause SR Ca 2ϩ release has been reported in a number of mammalian ventricular cell types, most recently, in the study of Litwin et al. 47 The location of the Na ϩ /Ca 2ϩ exchanger in the membranes of cardiac cells remains controversial, 48 with some studies interpreted to show that exchanger molecules are located preferentially in t-tubules, whereas other studies are interpreted to show a more uniform distribution of exchanger molecules. channels. 47 Recently, a new and functionally distinct Na ϩ current component (I Ca(TTX) ) has been identified in rat ventricular cells. 49 This new component displays different kinetics, different voltage ranges for both activation and inactivation, and different permeability properties from the classical cardiac Na ϩ channel. Specifically, I Ca(TTX) activates over a more negative voltage range than classical cardiac Na ϩ channels and is highly permeable to Ca 2ϩ . Under nonphysiological experimental conditions (ie, Na ϩ -free external and internal solutions), Ca 2ϩ permeation of I Ca(TTX) is capable of triggering SR Ca 2ϩ release. 50 These I Ca(TTX) -evoked Ca 2ϩ transients are delayed markedly in onset and have slower upstrokes compared with Ca 2ϩ transients elicited by L-type Ca 2ϩ currents of similar current density. It is not yet known whether I Ca(TTX) channels are permeable to Ca 2ϩ in the presence of physiological concentrations of Na ϩ . To the extent that I Ca(TTX) is relevant to E-C coupling, it will probably have a modulatory role rather than provide a major component of the Ca 2ϩ trigger for SR Ca 2ϩ release and the "gain" of cardiac E-C coupling.
A tetrodotoxin (TTX)-blockable Ca 2ϩ current has been reported 51 in rat ventricular myocytes after several pharmacological treatments (cAMP, isoproterenol [ISO] , or the cardiotonic steroids, ouabain and digoxin), and this current appears capable of triggering Ca 2ϩ sparks. This TTXblockable Ca 2ϩ current was attributed to a Ca 2ϩ permeability induced in classical cardiac Na ϩ channels that are normally impermeable to Ca 2ϩ . Treated Na ϩ channels were then said to be "promiscuous." Although intriguing, these results are as yet unconfirmed, and two separate lines of experimental evidence challenge the conclusion of cAMPinduced Ca 2ϩ permeability of classical cardiac Na ϩ channels. (1) In voltage-clamped rat ventricular cells, Balke et al 52 and Goldman et al 53 have shown that ISO substantially increases the TTX-blockable Ca 2ϩ current. Importantly, all of this induced current flows through I Ca(TTX) channels and not through classical Na ϩ channels, because the ISOmediated increase in I Ca(TTX) was not accompanied by a reduction in I Na as would be required. Therefore, these experiments are not consistent with a change in selectivity of classical Na ϩ channels induced by conditions that promote channel phosphorylation. These experiments are in agreement with findings in guinea pig, 54 rabbit, 55 and canine ventricular myocytes, 56 as well as in rat cardiac Na ϩ (SkM2) channels expressed heterologously in frog oocytes. 57 (2) In Chinese hamster ovary cells overexpressing ␣ subunits of the cardiac Na ϩ channels both with and without ␤ 1 subunits, Nuss and Marbán 58, 59 have shown that the well-described ISO-mediated increase in I Na was completely occluded with removal of external Na ϩ in the continued presence of external Ca 2ϩ . In cells expressing both ␣ and ␤ 1 subunits in Na ϩ -and Ca 2ϩ -containing external solutions, Na ϩ conductance increased with ISO but without any changes in reversal potential. In these experiments, neither ␤ 1 coexpression or the presence of external Na ϩ conferred Ca 2ϩ permeability on classical cardiac Na ϩ channels. Recently, it has been postulated that a component of SR Ca 2ϩ release in mammalian cardiac muscle is activated by changes in membrane voltage or to be "sensitive" to membrane voltage. 6, 61, 62 These experiments have been performed under different conditions than used earlier, in which the detailed relationship between I Ca and SR Ca 2ϩ release was studied through the use of holding potentials that inactivated I Na and permitted good control of membrane voltage during voltage-clamp pulses. Although temperature and internal monovalent cations (K ϩ versus Cs ϩ ) were once thought to be important in observing VSRM, it now appears that the most important conditions for observing VSRM (in dialyzed cells) are the inclusion of cAMP and the use of relatively negative prepulse potentials. 63 In these experiments, whole-cell L-type Ca 2ϩ currents and Ca 2ϩ transients (or contraction) are measured at 37°C in single adult rat, rabbit, or guinea pig ventricular cells. Typically Na ϩ channels are inhibited with lidocaine (300 m), and Ca 2ϩ entry via Na ϩ /Ca 2ϩ exchange is prevented with Na ϩ -free pipette solutions. In the presence of 8-Bromo-cAMP, a two-step protocol (from Ϫ65 to Ϫ40 to 0 mV) elicits two contractions, of approximately equal magnitude. 63 In this "two-step" protocol, the first contraction (elicited by depolarization to Ϫ40 mV) is absent if cAMP is absent but persists in the presence of Ca 2ϩ channel blockers (Cd 2ϩ ). The second is absent if Ca 2ϩ channels are blocked but persists in the absence of cAMP and the use of relatively positive holding potentials (Ϫ40 mV). Because the putative VSRM was shown to be completely inactivated at Ϫ40 mV, 63 the two-step protocol is thought to produce an initial contraction (at Ϫ40 mV) that is dependent solely on the VSRM and does not require Ca 2ϩ entry via Ca 2ϩ channels, whereas the second (to 0 mV) is thought to produce a contraction that is dependent solely on Ca 2ϩ entry. In earlier work, it was shown that ryanodine (30 nmol/L) abolished the VSRM contraction but not those triggered by I Ca , and that the VSRM contractions were abolished in the total absence of external Ca . This has not been demonstrated adequately in any of the experiments cited above. On the contrary, Nabauer et al 64 have already shown (rather convincingly) that contractions elicited by clamp pulses from Ϫ60 mV (and more negative) to 0 mV fail completely after switching rapidly to Ca 2ϩ free solutions. Most importantly, neither Na ϩ nor Ba 2ϩ , which do flow through L-type Ca 2ϩ channels and which do support voltage-activated Ca 2ϩ release in skeletal muscle, was capable of eliciting contraction. These elegant and conclusive experiments 64 should be repeated in the presence of high concentrations of intracellular cAMP. (2) Ca 2ϩ channels are not totally unavailable at Ϫ40 mV and therefore, steps to Ϫ40 mV will activate L-type Ca 2ϩ channels, particularly in the highly potentiated state produced by high concentrations of cAMP. The small currents flowing at Ϫ40 mV should be identified unequivocally. (3) The VSRM should be studied mainly at positive potentials, where it is well established that Ca 2ϩ entry is not sufficient to trigger contraction, but a VSRM should be fully activated. In fact, recent work 65 using similar conditions to those used by Ferrier et al 6 . Under these conditions, the SR must be highly loaded, particularly because the SERCA will be highly stimulated. Under these conditions, it may be "trigger happy." Regenerative releases could be stimulated by the opening of just a few Ca 2ϩ channels. (6) It will be difficult to study the putative VSRM selectively, because any release activated by voltage may inevitably be amplified by CICR. In frog skeletal muscle, the voltage-activated release is thought to provide the initial change in Ca 2ϩ that activates the RyR, via CICR, that are not facing voltage sensors. 40 It is not possible to separate totally one type of release from the other. The experiments demonstrating VSRM in dialyzed cells use cAMP in the intracellular perfusion solution, and L-type Ca 2ϩ currents are very large. We wonder, therefore, whether cells in such a condition are capable of responding further to ␤ 1 -agonist stimulation. Within the living organism, the heart is capable of increasing output substantially over basal levels as a result of ␤ 1 -agonist stimulation. If cells demonstrating VSRM are not responsive to ␤ 1 -agonist stimulation, the implication is that the VSRM is not important in normal E-C coupling in the basal state.
From the above, we conclude that, if VSRM exists in cardiac muscle, it must differ substantially from voltage-activated release in skeletal muscle. Finally, the difficulty of controlling or regulating such a putative mechanism has been pointed out recently. 66 
Summary
The body of experimental work on E-C coupling in normal cardiac muscle supports a number of conclusions. (1) [Ca 2ϩ ] in the region of the RyR is undoubtedly determined by several molecular species, including the L-type Ca 2ϩ channels, the RyR themselves, the Na/Ca exchanger, Na ϩ channels, Ca 2ϩ pumps, and others. It is important to note that spontaneous Ca 2ϩ sparks do occur in mammalian cardiac muscle under physiological conditions. 67 Thus, the concepts derived from single-cell studies appear to be relevant to the intact tissue.
